ABSTRACT Cloned cDNA sequences of human adenosine deaminase (ADA; adenosine aminohydrolase, EC 3.5.4.4) have been isolated from a cDNA library constructed in bacteriophage AgtlO.
Adenosine deaminase (ADA; adenosine aminohydrolase, EC 3.5.4.4), a part of the purine catabolic pathway, catalyzes the irreversible deamination of adenosine and deoxyadenosine. Deficiency of adenosine deaminase activity in humans is associated with an autosomal recessive form of severe combined immunodeficiency disease (1) . The underlying specific biochemical and metabolic abnormalities involved and their effects on the immune system have been the subject of intensive investigation (2, 3) .
A number of different mutations have occurred that can cause human ADA deficiency (4) (5) (6) (7) (8) . Both the clinical and biochemical effects of the mutations are strikingly different among individuals. Some mutations are associated with an unstable ADA protein, total deficiency of ADA activity in erythrocytes, partial deficiency of ADA activity in peripheral lymphocytes, and absence of clinical disease (5) . Other mutations have resulted in the virtual absence of ADA activity in erythrocytes and lymphocytes and cause severe combined immunodeficiency disease (2) (3) (4) (5) (6) (7) . Within the second group, there are a number of distinct mutations, as indicated by the amount of mutant ADA protein detectable by radioimmunoassay in extracts of cell lines carrying those mutations (4, 6) . In a recent report, ADA mRNA in a number of these human lymphoblast cell lines was examined by translation in vitro (7) . Included was the interesting finding that two cell lines with mutations in ADA contained higher levels of translatable ADA mRNA than corresponding normal lines. In the present report, we describe isolation of cloned cDNA sequences for human ADA. The molecular size and quantity of ADA mRNA in a number of normal and mutant human lymphoblast cell lines have been determined directly by hybridization to the ADA-specific cDNA probes.
METHODS
RNA Isolation and Translation. Procedures for extraction and isolation of total cellular RNA, purification of poly(A)+ RNA, translation of RNA in a reticulocyte lysate system, and specific immunoprecipitation and quantitation of ADA have been described previously (7) .
Cell Lines (9) . Technical details of the preparation of cDNA libraries in AgtlO will be presented elsewhere. The phage library then was grown on E. coli C600.
Screening of the cDNA Library. The cDNA library was screened by a variation of the Benton and Davis in situ plaque hybridization method (10, 11) . Recombinant bacteriophage were plated on 9 X 9 cm square plates and grown to produce plaques approximately 1 mm in diameter. Duplicate replicas from each plate were prepared on nitrocellulose filters, and these were screened by differential hybridization to labeled cDNA prepared from mRNA preparations from lines HPB-ALL and GM-2184. These mRNA preparations contained 0.051% and 0.0025% ADA-specific sequences, respectively, as determined by in vitro translation and immunoprecipitation (7) .
The mRNA used to prepare cDNA for screening was first The filters were autoradiographed for 18 hr at -70TC. Plaques producing a hybridization signal significantly stronger with the HPB-ALL cDNA than with the GM-2184 cDNA were picked with sterile toothpicks and replated. The resulting plaque arrays were transferred to duplicate nitrocellulose filters and rescreened with the differential probes.
The group of plaques that demonstrated a "strong" differential signal was screened further. Labeled cDNA was prepared from mRNA derived from T-lymphoblast lines HPB-ALL and CCRF-CEM and B-lymphoblast lines GM-2606 and GM-2184. The mRNA preparations from the paired T-cell lines and paired B-cell lines differed 4-fold in ADA mRNA by in vitro translation (HPB-ALL greater than CCRF-CEM; GM-2606 greater than GM-2184). 32P-Labeled cDNAs prepared from these mRNAs were used as paired probes in rescreening the plaques by differential hybridization. In this manner plaques with a high probability of containing ADA inserts were identified for further examination by hybridization-selected translation.
Isolation of A DNA. DNA from the AgtlO recombinants was isolated by a modification of the procedure described by Maniatis et al. (11) . After bacterial lysis, removal of bacterial debris, precipitation with polyethylene glycol, and extraction with chloroform, the A particles were isolated by centrifugation at 8,000 x g for 18 hr at 40C. Phage were then treated with proteinase K in 0.5% sodium dodecyl sulfate and extracted with phenol and phenol/chloroform. Normal yield was 100-200 ,g of DNA per 40-ml culture.
Hybridization-Selected Translation. Recombinant phage that contained ADA sequences were identified directly by hybridization-selected translation. The filters were prepared as described by Parnes et al. (13) and hybridized to RNA as described by Maniatis et al. (11) . Because the ratio of vector to insert DNA is much greater for A than for plasmids, more DNA from a single vector was loaded onto each filter than in the cited reference. A 40-pg sample of DNA from a single recombinant phage was bound to a 7-mm nitrocellulose disc. Then, 50-300 Ag of HPB-ALL mRNA was hybridized with 20-25 discs in a total volume of 0.5 ml at 48°C for 4-5 hr with vigorous shaking. The discs were washed and the bound RNA was eluted from each disc in an individual tube. The RNA was precipitated along with 30,ug of calf liver tRNA in 0.3 M sodium acetate and 70% (vol/ vol) ethanol. The precipitated RNA was dried, dissolved in 5
Al of sterile water, and translated in vitro. The products were examined for ADA by specific immunoprecipitation.
Restriction Endonuclease Map. The size of cDNA inserts was determined by cleavage of recombinant DNA with EcoRI restriction endonuclease (2.5 units/pug of DNA, 37TC, 150 min) and electrophoresis on both 1.2% and 2.0% agarose gels. Standard marker DNA fragments were as follows: Hae III-cut 4X174, HindIII-cut A, BstNI-cut pBR325, and Taq I-cut pBR325. The cDNAs were isolated from the A recombinants and recloned in pBR325. Inserts were then isolated from the plasmids and digested with restriction enzymes. Fragments were separated on 5% polyacrylamide gels (14) . To distinguish fragments at ends from fragments located centrally, approximately 8,000 cpm of insert DNA that had been 32P-labeled at both ends was included in each digest.
Transfer of Denatured RNA to Nitrocellulose Paper and Hybridization with cDNA. Poly(A)+ RNA samples were glyoxylated, electrophoresed in a 1.1% agarose gel, and transferred to nitrocellulose paper (15) . The filters were probed with nicktranslated (16) phage DNA (2 x 108 cpm/Ag). Dot-Blot Hybridization. Relative amounts of ADA mRNA in poly(A)+ RNA preparations from lymphoblast cell lines were estimated by hybridization of 32P-labeled cDNA to RNA spotted on nitrocellulose paper (15, 17) . A 0.25-Ag sample of DNA from each of the two recombinant bacteriophages that contained ADA sequences (2-11 and 3-3) was labeled by nick translation (16 Rapid screening of large numbers of recombinants was essential because of the very low abundance of ADA mRNA. A library containing approximately 900,000 recombinant bacteriophage was prepared by using cDNA to mRNA from CCRF-CEM lymphoblasts. The library was screened on the basis of differential in situ hybridization to 32P-labeled cDNA prepared from mRNAs with a 21-fold difference in translatable ADA mRNA. Phage containing ADA inserts was expected to give a significantly greater hybridization signal with the T-cell cDNA (high ADA) than with the B-cell cDNA (low ADA). Because the recombinant cDNA library was prepared from mRNA from a T-lymphoblast line (CCRF-CEM), many recombinant phage were expected to contain cDNA sequences more prevalent in the T-cell probe than in the B-cell probe. Consequently, 1, 072 plaques from an initial screening of 77,000 were selected for further examination. These phage were rescreened by differential hybridization (Fig. 1) . A group of 496 plaques with the strongest differential hybridization signal was chosen for further study. In order to eliminate some plaques identified on the basis of other inherent differences in T lymphoblasts and B lymphoblasts, these 496 recombinants were screened a third time with paired B-cell cDNA probes and a fourth time with paired T-cell cDNA probes. The paired mRNAs from which these cDNA probes were prepared had a 3-to 4-fold difference in translatable ADA mRNA. On the basis of the third and fourth screens, 68 recombinants were chosen for examination by hybridization-selected translation.
Of the 68 recombinant bacteriophage examined by hybridization-selected translation, 66 were negative for ADA cDNA -d) or 300 jig (lanes e-j) of HPB-ALL mRNA. Bound mRNA was eluted and translated in vitro, and either one-half (a-d) or all (e-j) of the translation products were immunoprecipitated with ADA-specific antiserum. Lanes a-j contain immunoprecipitated translation products from mRNA that hybridized to DNA from recombinant bacteriophage [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] (a), 3-3 (b, j), 2-17 (c), 2-11 (d), 2-11-8 (e), 2-11-9 (f), 2-11-10 (g), 3-3-9 (h), and 3-3-10 (i). The 2-11-8, 2-11-9, 2-11-10, 3-3-9, and 3-3-10 clones were isolated from 2-11 and 3-3 by replating at low density. Lanes k and 1 contain translation products precipitated with nonimmune serum (k) or anti-ADA serum (1) from translation of total HPB-ALL mRNA. The arrow indicates the migration of purified human ADA standard. Electrophoresis of total translation products (without immunoprecipitation) from mRNA selected by hybridization to DNA from clones 2-11 and 3-3 did not reveal any hybridization-selected products other than ADA.
sequences. Typical examples of these are shown in Fig. 2 , lanes a and c. Two recombinant bacteriophage contained cDNA sequences that hybridized with ADA mRNA. The mRNA could then be eluted and translated (Fig. 2, lanes b, d, and j) . The two recombinant strains of bacteriophage were identified as 2-11 and 3-3. Because of the high plaque density in the initial plating, the possibility of plaque contamination seemed high. Therefore, both 2-11 and 3-3 were replated at low density (10-20 plaques per 9 x 9 cm plate) and 10 clones from each strain were isolated. All 20 of these clones contained cDNA with ADA sequences by hybridization-selected translation (Fig.  2, lanes e-i) . In addition, electrophoresis of total translation products (without immunoprecipitation) from mRNAs selected by hybridization to DNA from clones [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Relative.values were calculated in each case by setting the average value of the normal B lines as 1.0. Catalytic activities were measured as described (19) . Immunoreactive ADA protein was measured by radioimmunoassay with either goat or rabbit antiserum to pure human ADA (4) . For a discussion of the properties of these sera when used to assay mutant proteins, see ref. 4 . Relative translatable mRNA content is based on translation assays with 20 jtg of poly(A)+ RNA per ml (7).
Estimation of ADA-specific hybridizable mRNA levels is described under Dot-blot hybridization. ND, not determined.
in ADA activity and protein between T lymphoblasts and B lymphoblasts had been noted previously and ascribed, on the basis of in vivo pulse labeling, in part to differences in rate of synthesis but principally to differences in the rate of degradation of the ADA proteins (22) . The relative ADA mRNA level in the T-lymphoblast CCRF-CEM line compared to the normal B-lymphoblast lines, as determined directly by hybridization to the labeled cDNA probe, agrees closely with our previous observations based on in vitro translation (Table 1 and ref. 7) . The relative amounts of ADA mRNA might be sufficient to explain the observed difference between T and B lymphoblasts in levels of ADA catalytic activity and protein.
An unexpected observation from our previous study was that the relative amounts of translatable ADA mRNA in two mutant ADA-deficient B-cell lines (GM-2606 and GM-3043) were 3-to 4-fold greater than the amount in the normal B-cell lines (7). This was especially surprising because both of these cell lines produce altered ADA (24) . The increased mRNA levels were determined by in vitro translation and the line was subsequently shown to contain multiple copies of the HPRT gene (25 
